The influence of varied Mg supply (10-1000 micromolar) and light intensity (100-580 microeinsteins per square meter per second) on the concentrations of ascorbate (AsA) and nonprotein SH-compounds and the activities of superoxide dismutase (SOD; EC 1.15.11) and the H202 scavenging enzymes, AsA peroxidase (EC 1.11.1.7), dehydroascorbate reductase (EC 1.8.5.1), and glutathione reductase (EC 1.6.4.2) were studied in bean (Phaseolus vulgaris L.) leaves over a 13-day period. The concentrations of AsA and SH-compounds and the activities of SOD and H202 scavenging enzymes increased with light intensity, in particular in Mg-deficient leaves. Over the 12-day period of growth for a given light intensity, the concentrations of AsA and SH-compounds and the activities of these enzymes remained more or less constant in Mg-sufficient leaves. In contrast, in Mg-deficient leaves, a progressive increase was recorded, particularly in concentrations of AsA and activities of AsA peroxidase and glutathione reductase, whereas the activities of guaiacol peroxidase and catalase were only slightly enhanced. Partial shading of Mgdeficient leaf blades for 4 days prevented chlorosis, and the activities of the°2-and H202 scavenging enzymes remained at a low level. The results demonstrate the role of both light intensity and Mg nutritional status on the regulation of 02-and H202 scavenging enzymes in chloroplasts.
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Photoreduction of molecular 02 in chloroplasts is unavoidable and leads to the production of superoxide anion radicals (02 -) and H202 (1, 29) . In nonstressed chloroplasts, photoreduction of 02 is estimated to be between 5 and 27% of the total electron flow (2, 3) . Superoxide anion radicals, H202, and their derivatives hydroxyl radicals (OH,) and singlet oxygen ('02) are highly toxic, resulting in destructive effects on the functional and structural integrity of chloroplasts (8, 17) . As protection against these toxic 02 species, chloroplasts are equipped with several antioxidants and defense enzymes.
SOD,2 mostly localized in chloroplasts in leaves (19) , cata- lyze the dismutation of 02 to H202 and 02, and the H202 is converted into 02 and H20. As catalase is absent from ' This work was supported by the Deutsche Forschungsgemeinschaft. 2 Abbreviations: SOD, superoxide dismutase; AsA, ascorbate; DAsA, dehydroascorbate; EPPS, N-2-hydroxethylpiperazine propane sulphonic acid.
chloroplasts (1, 17) , the conversion of H202 in these organelles is mediated by a H202 scavenging system with the involvement of AsA peroxidase, DAsA reductase, and glutathione reductase (12, 14) . This H202 detoxifying system is also present in the cytoplasm (21) . Ascorbate and glutathione are particularly effective antioxidants against toxic 02 species and are present in the chloroplast stroma at concentrations as high as 50 and 3 mm, respectively (17) .
Photogeneration oftoxic 02 species can be intensified when plants grown at a high light intensity are exposed to an environmental stress that impairs the utilization of absorbed light energy for photosynthetic CO2 fixation (2, 9, 18) . Such conditions may lead to a limited NADP+ pool for acceptance of electrons from PSI and, thereby, a higher potential for 02 activation (18) . Accordingly, in many instances, activities of SOD and enzymes of the H202 scavenging pathway are increased in response to environmental stress factors such as drought (33) , chilling (30) , and treatments with hyperbaric 02 levels ( 11) and air pollutants (34) .
Little is known about the effect of mineral nutrient deficiency as a stress factor that affects antioxidative mechanisms in leaves. In Mg-deficient leaves, CO2 uptake is depressed with corresponding decreases in CO2 fixation (35) . CO2 fixation may also be impaired by Mg deficiency as a result of inhibited sucrose export from leaves (10, I. Cakmak, H. Marschner, unpublished) or the Mg dependency of ribulose-1,5-bisphosphate carboxylase (31) . Thus, in Mg-deficient chloroplasts, enhanced 02 activation can be expected at the expense of CO2 fixation. As has been demonstrated recently (25) , Mg-deficient bean leaves are highly photosensitive; an increase in light intensity rapidly causes severe chlorosis without any significant change of the Mg concentration in the leaves. This light effect has been attributed to Mg deficiencyinduced photooxidation of thylakoid constituents by photogenerated toxic 02 species.
In the present paper, we have studied the responses of (26) . The reaction mixture contained 25 mM phosphate buffer (pH 7.0), 2.5 mm reduced GSH, 0.4 mm DAsA, and the enzyme aliquot. The reaction rate was corrected for the nonenzymatic reduction of DAsA by GSH. Glutathione reductase was assayed according to the method of Foyer and Halliwell (12) by following the decrease in absorbance at 340 nm due to NADPH oxidation (E = 6.2 mM cm-'). The reaction mixture consisted of 25 mM EPPS buffer (pH 7.8), 0.5 mM GSSG, 0.12 mm NADPH, and the enzyme aliquot. Corrections were made for NADPH oxidation in the absence of GSSG. SOD was measured by the photochemical method as described by Giannopolitis and Ries (13) . Assays were carried out on a rotating plate under illumination. One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of the rate ofp-nitro blue tetrazolium chloride reduction at 560 nm.
Catalase activity was assayed in a reaction mixture containing 25 mm phosphate buffer (pH 7.0), 10 mM H202, and enzyme. The decomposition of H202 was followed at 240 nm (E = 39.4 mm cm-'). For the measurement of guaiacol peroxidase activity, the reaction mixture contained 25 mm phosphate buffer (pH 7.0), 0.05% guaiacol, 10 mM H202 and enzyme. Activity was determined by the increase in absorbance at 470 nm due to guaiacol oxidation (E = 26.6 mM cm-').
Analytical Methods
AsA and DAsA were determined according to Law et al. (22) with some modifications. Usually, 1 g leaf tissue was extracted with 10 mL 5% meta-phosphoric acid and centrifuged at 22,000g for 15 min. Total ascorbate (Asa + DAsA) was measured after reduction of DAsA to AsA with DTT, and the concentrations of DAsA were estimated from the difference of total ascorbate (AsA + DAsA) and AsA. The reaction mixture for total ascorbate contained 0.2 mL aliquot ofthe 22,000g supernatant, 0.5 mL 150 mm phosphate buffer (pH 7.4) containing 5 mm EDTA, 0.1 mL 10 mM DTT. After 10 min at room temperature, 0.1 mL 0.5 N-ethylmaleimide was added to remove excess DTT. The reaction mixture for AsA contained 0.2 mL aliquot of the 22,000g supematant, 0.5 mL 150 mm phosphate buffer (pH 7.4), and 0.2 mL water. In both reaction mixtures, the color was developed after addition ofthe following reagents: 0.4 mL 10% TCA, 0.4 mL 44% ortho-phosphoric acid, 0.4 mL 4% a'-dipyridyl in 70% ethylalcohol, and 0.2 mL 3% FeCl3. The mixtures were then incubated at 40°C for 40 min and the color produced was read at 525 nm.
Using the method of Ellman (7), nonprotein SH-compounds were determined in the neutralized aliquots from the 22,000g supernatants obtained as above.
Concentrations of Chl (a + b) were measured as described by Lichtenthaler and Wellbum (23) after extraction with 80% acetone. The Mg concentrations were determined by atomic absorption spectrometry after ashing samples at 550°C and dissolving the ash in 3.3% HNO3.
RESULTS

Plant Growth
Regardless of the Mg supply, increasing light intensity increased dry matter production, particularly after 6 d of growth (Table I) . At low Mg supply, dry weight increments decreased with time, especially in the roots and at high light intensity. Compared with Mg-sufficient plants, the Mg concentrations in the leaves ofthe Mg-deficient plants were much lower (Table I) 
Concentrations of AsA and DAsA and SH-Compounds
Increasing light intensity increased concentrations of total ascorbate (AsA + DAsA) and SH-compounds, especially in Mg-deficient leaves (Fig. 1) . Over the 12-d period of growth for a given light intensity, levels of total ascorbate and SHcompounds remained at a similar level in Mg-sufficient leaves, but increased in Mg-deficient leaves, particularly at high light intensities. Increase in ascorbate and SH-compounds at low Mg supply was already evident in plants with no or with only slight depression of growth and Chl concentrations ( Fig. 1 ; Table II ). Of the total ascorbate, a higher proportion was in the reduced form (AsA), especially in Mg-deficient leaves, indicating a higher regeneration potential ofoxidized ascorbic acid (DAsA) in the deficient leaves (Table II) .
Activities ofO2-and H202Scavenging Enzymes
Effects oflight intensity and Mg supply on enzyme activities are shown in Figure 2 . For a given harvest and Mg level, higher light intensities were correlated with higher enzyme activities, especially in Mg-deficient leaves after 6 d ofgrowth. However, for a given light intensity, the Mg level had the most pronounced effect on the enzyme activities. With increase in time and, thus, severity of Mg deficiency, the activities of SOD and in particular of the AsA peroxidase and glutathione reductase increased. Even as early as day 6 at high light intensity, when first visual symptoms ofchlorosis became evident (Table I) , activities ofAsA peroxidase and glutathione reductase were about 1.6 times higher in leaves of Mg-defi- The relationships between Mg nutritional status, light intensity, and enzyme activities can also be demonstrated in the same leaf by partial shading (Fig. 3) . Partial shading of the leaf blades for 4 d prevented development of interveinal chlorosis and decreased the activity of all four enzymes both in the Mg-deficient and -sufficient plants. However, the level of enzyme activity was again much higher in the Mg-deficient plants. As the protein concentrations were not much affected by Mg deficiency (data not shown), the relationships between Mg nutritional status and enzyme activities were similar on a fresh weight basis or on a protein basis (Table III) . Compared with the strong enhancement effect on enzymes of the ascorbate-dependent H202 scavenging pathway, Mg deficiency only slightly increased the activities of guaiacol peroxidase and catalase. Under Mg deficiency, the activity of malate dehydrogenase was also slightly increased, whereas glycolate oxidase activity was not significantly affected (data not shown). (Fig. 1 , Table II) . Ascorbate is involved in nonenzymic detoxification of several toxic 02 species and plays a key role in the enzymic AsA-GSH cycle in chloroplasts (14, 17) . As for ascorbate, concentrations of nonprotein SH-compounds are also increased by Mg deficiency (Fig. 1, Table II ). We assume that the major nonprotein SH-compound measured in bean leaves is glutathione, because in shoots of several plant species glutathione comprises the major fraction of the total nonprotein SHcompounds, for example 95% in spruce needles (16) , and more than 80% in red clover, soybean, and bean leaves (24) . Glutathione is involved in detoxification of H202 and protection of SH-containing enzymes against oxidation, especially in chloroplasts ( 17) . Its conditions that stimulate production of toxic 02 species (9, 27) . The enhancements in activities of antioxidative enzymes by Mg deficiency most probably take place in chloroplasts where SOD (19) and the H202 detoxifying enzymic cycle (14, 26) are predominantly located. The hydrogen peroxide scavenging AsA-GSH cycle can, however, also operate in the cytoplasm, for example, of root nodules (6) and Ricinus endosperm (21) . As discussed by Nakano and Asada (26) and Chen and Asada (5) , the H202 scavenging peroxidase localized in chloroplasts is highly specific for ascorbate and has much less affinity for other electron donors such as guaiacol. By contrast, the nonchloroplastic peroxidases are less specific for ascorbate. We found that activities of AsA peroxidase and guaiacol peroxidase were not significantly different in Mgsufficient leaves, whereas in Mg-deficient leaves ascorbate oxidation was nearly fourfold that ofguaiacol (Table III) . This supports the above suggestion that enhanced H202 scavenging peroxidase under Mg deficiency predominantly operates in chloroplasts, where enhanced photoproduction of 02 -and H202 occurs as a result of restricted consumption of photoreductants in CO2 fixation (see Introduction).
In the literature, there are no available data on the relationships between Mg nutritional status and antioxidative defense mechanisms of plant cells. However, there are a number of environmental stress factors that, similar to Mg deficiency, strongly modify defense mechanisms of plant cells against toxic 02 species. In agreement with our results, high light intensity (15) , especially in combination with chilling treatment (30) , increases the levels of ascorbate and activities of SOD and AsA peroxidase. Increased capacity for the detoxification of toxic 02 species was also shown to increase tolerance or resistance of plants to related stress factors such as Plant Physiol. Vol. 98, 1992 chilling (20) , ozone (34) , and paraquat (32) . Recently, we found that Mg-deficient leaves are much more resistant to paraquat-induced Chl degradation than Mg-sufficient leaves (I. Cakmak, H. Marschner, in preparation).
The results presented here together with others already published (25) suggest that photooxidation of thylakoid constituents are a major contributing factor in development of Mg deficiency chlorosis. Furthermore, the well-known differences between plant species in the expression of visual Mg deficiency symptoms or in critical deficiency concentrations of Mg in the leaf tissue (4) may be related to constitutive differences in generation or detoxification of harmful 02 species in the chloroplasts.
